Abstract The predictability of the quasi-biennial oscillation (QBO) is examined in initialized climate forecasts extending out to lead times of years. We use initialized retrospective predictions made with coupled ocean-atmosphere climate models that have an internally generated QBO. We demonstrate predictability of the QBO extending more than 3 years into the future, well beyond timescales normally associated with internal atmospheric processes. Correlation scores with observational analyses exceed 0.7 at a lead time of 12 months. We also examine the variation of predictability with season and QBO phase and find that skill is lowest in winter. An assessment of perfect predictability suggests that higher skill may be achievable through improved initialization and climate modeling of the QBO, although this may depend on the realism of gravity wave source parameterizations in the models. Finally, we show that skilful prediction of the QBO itself does not guarantee predictability of the extratropical winter teleconnection that is important for surface winter climate prediction.
Introduction
The inherent timescale of atmospheric processes is generally considered to be too short to aid climate prediction on seasonal to decadal timescales [e.g., Smith et al., 2012] . However, the tropical stratosphere represents a clear exception to this general rule. Theoretically, the tropical stratosphere has interannual memory [Scott and Haynes, 1998 ], and zonal wind anomalies can persist for many months. The very large and quasi-regular interannual fluctuations from the quasi-biennial oscillation (QBO) [Veryard and Ebdon, 1961; Reed et al., 1961] could therefore provide one of the few purely atmospheric sources of climate predictability on seasonal to decadal timescales.
This study makes use of ensembles of seasonal to decadal forecasts to quantify prediction skill of the QBO. The large number of simulated years in these retrospective forecasts poses restrictions in the resolution of the climate model used due to limitations in computing resources. Such forecasts are generally made at climate model resolution of around 1°in the atmosphere. At this resolution, much of the gravity wave spectrum that drives the QBO remains unresolved [Geller et al., 2013] . However, a few climate models, including the models used here, now successfully simulate the QBO through the combined forcing from resolved waves and the parameterization of nonorographic gravity wave momentum fluxes [Scaife et al., 2000; Giorgetta et al., 2002; Scinocca et al., 2008] .
Seasonal hindcasts for this study are provided by two systems. We first use output from the UK Met Office (UKMO) Global Seasonal forecast system [Arribas et al., 2011] . We use the fifth generation of this system, GloSea5, which is currently used for operational long-range forecasting. The climate model at the core of the forecast system is the third Hadley Centre Global Environmental Model version 3 (HadGEM3) with atmospheric resolution of 0.83°longitude by 0.55°latitude, 85 quasi-horizontal atmospheric levels, and an upper boundary at 85 km near the mesopause [Walters et al., 2011] . The ocean resolution is 0.25°globally in both latitude and longitude with 75 quasi-horizontal levels . Hindcasts are used for the period 1996 to 2009 with nine members per start date. Members from the same start date differ only by stochastic physics. Initial atmospheric and land surface data are taken from ERA-Interim observational reanalyses, and initial conditions for the global ocean and sea ice concentration are from the Forecasting Ocean Assimilation Model data assimilation system. We also use output from the ECMWF System 4 seasonal forecasting system [Molteni et al., 2011] . This uses a T255 resolution spectral model, with a corresponding grid spacing of about 80 km, and 91 levels in the vertical with an upper boundary at 0.01 hPa. Ocean resolution is 1°with meridional refinement to 0.3°near the equator. Initial conditions are taken from ERAInterim or, for the ocean, from Ocean Reanalysis System (ORAS4) [Balmaseda et al., 2012] . Hindcasts are available from 1981 to 2010, with a 51-member ensemble per start date.
Decadal hindcasts for this study are provided by two systems. The first set is from the UKMO decadal prediction system [Smith et al., 2007 [Smith et al., , 2010 . We use output from the second generation of this system, DePreSysv2, which also uses the HadGEM3 climate model. The decadal predictions extend out to several years ahead but are run at lower resolution with latitude-longitude spacing of 1.25°latitude by 1.875°longitude and the same 85 model levels extending to 0.01 hPa. The ocean resolution is 1°. The DePreSysv2 hindcasts consist of four-member ensembles starting from 1 November every year from 1960 to 2006. The second set is from the Mittelfristige Klimaprognosen (MiKlip) decadal climate prediction system [Pohlmann et al., 2013] . This is based on the Max-Planck-Institut-Earth System Model (MPI-ESM) coupled climate model Stevens et al., 2013; Jungclaus et al., 2013] . The mixed resolution version MPI-ESM-mixed resolution (atmosphere: T63L95, ocean: 0.4degL40) is used here, with five-member ensembles initialized on 1 January every year between 1961 and 2012. The representation of the QBO in this model is discussed in Krismer et al. [2013] . Decadal hindcasts are started from a combined atmospheric and oceanic initialization. The atmospheric fields (surface pressure and spectral temperature, vorticity, and divergence) are taken from the reanalyses ERA-40 [Uppala et al., 2005] for the period 1960-1989 and ERA-Interim [Dee et al., 2011] for the period 1990-2012, respectively. The oceanic component is initialized with temperature and salinity anomalies from the oceanic reanalysis ORAS4 [Balmaseda et al., 2012] .
In addition to assessing prediction skill of the QBO on seasonal to decadal timescales, we also look at the predicted impact on surface winter climate. Numerous studies have identified an apparent extratropical response to the QBO in winter [Ebdon, 1975; Holton and Tan, 1980] , and some analyses suggest that the QBO could be a useful important additional source of skill for surface climate predictions [Thompson et al., 2002; Boer and Hamilton, 2008; Folland et al., 2011; Smith et al., 2012] . We therefore also assess whether the influence of the QBO on extratropical surface winter climate is reproduced in initialized seasonal to decadal predictions.
Predictability of the Quasi-Biennial Oscillation
We use the 30 hPa monthly mean zonal wind near the equator as a standard diagnostic of the state of the QBO. Example forecasts of the QBO are shown in Figure 1 for the UKMO DePreSysv2 and MiKlip systems. These example forecasts were initialized in late 1965 and were free running thereafter. Both the amplitude and the period are reasonably represented in these forecasts, and the asymmetry between a strong easterly phase (~À30 ms
À1
) and a weaker westerly phase (~20 ms
) is represented, at least in the UKMO DePreSysv2 decadal forecasts.
We now assess predictability of the QBO using retrospective forecasts initialized in the period 1960-2006. The blue lines in Figure 2 show correlation scores for ensemble mean forecasts measured against observational analyses for the UKMO DePreSysv2 and MiKlip decadal forecast systems. The skill of these QBO 
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predictions remains high at very long lead times and is higher than other highly predictable modes of climate variability such as El Niño-Southern Oscillation [Fedorov et al., 2003; Barnston et al., 2012] . Correlation scores exceed 0.8 at prediction times up to 6 months. At 12 months lead time the correlations are still above 0.7, and positive correlations are maintained out to years ahead in both forecast systems (Figure 2 ), remaining significant out to 4 years ahead in the MiKlip forecasts [c.f. Pohlmann et al., 2013] .
A complementary view to these deterministic correlation scores is a probabilistic assessment, for example, of the success and failure rates for predicting the phase of the QBO. Table 1 shows the probability of correct prediction of the sign of the QBO in the first three winters, from the UKMO DePreSysv2, for forecasts started in early November. High scores are shown for the first three winters, with decaying but above climatological probability of correctly predicting the sign of the QBO even in the third winter.
Verification against observational analysis is an important guide to the level of forecast skill that might be achievable with current systems, but what potential is there for higher skill? To answer this question we first use a very simple statistical model of the QBO. Assuming that the QBO is a regular 28 month sinusoidal oscillation, we calculate correlation scores given the initial phase of the oscillation. The initial phase is calculated as 2πn/28 where n is the number of months since the last QBO maximum phase (either E or W). The green lines in Figure 2 demonstrate the high predictability of the QBO based on the above model. This simple method yields skill at least as high as that found in dynamical prediction systems, especially for timescales beyond 1 year, and demonstrates that the QBO is regular enough to have a high degree of inherent predictability.
Observational analyses used to initialize the forecasts inevitably contain errors due to imperfect observations, and the models themselves may contain errors, for example, in the average period of the a Given an ensemble mean forecast for QBO easterly or westerly phase in the coming three winters, the probability of this phase occurring in the respective winters is tabulated. Climatological forecasts would give 50% for each phase.
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QBO. We therefore estimate the theoretical maximum level of predictability in each forecast system by replacing the observations with each of the forecast ensemble members and repeating the skill calculation using the ensemble mean of remaining members. The result is shown by the red lines in Figure 2 , which indicate that even higher levels of perfect predictability are present for the QBO in these forecast systems, with correlations exceeding 0.8 even 3 years ahead. We can therefore surmise that if initial condition errors and model errors in representing the QBO are reduced, then much higher levels of forecast skill may be achievable. Note, however, that perfect predictability estimates like this only have a bearing on actual forecasts to the extent that models are realistic. The QBO in these climate models is partly driven by a constant source of parameterized gravity waves from the lower atmosphere. The filtering of upward propagating waves by winds as they pass through the troposphere and lower stratosphere introduces significant variability in the wave fluxes of momentum arriving at the QBO in both models and observations [Warner et al., 2005; Ern and Preusse, 2009] . Unpredictable variations in the sources of gravity waves from the troposphere, not currently represented in the forecast systems used here, may reduce the predictability of the QBO in practice. It could therefore be that perfect predictability scores here overestimate the scope for improvement.
Sensitivity to the Seasonal Cycle and QBO Phase
The forecasts examined so far included all years, with the QBO phase during initialization ranging from strong easterly to strong westerly. However, the QBO exhibits asymmetries between the easterly and westerly phases. In particular, the westerly phase is weaker in amplitude but propagates more rapidly down through the atmosphere than the easterly phase [Dunkerton, 1991] and these features can be reproduced in climate model simulations of the QBO [Scaife et al., 2002; Giorgetta et al., 2006] . How do these asymmetries affect the predictability of the QBO? To answer this question we split the forecasts used in Figure 2 into an east and a west category, depending on the phase of the QBO at the start of the forecast. Given the approximate reversal of QBO phase 1 year later, this means that westerly phases at the start of the forecasts are indicative of easterly QBO in the coming year, and vice versa. Both MiKlip and UKMO forecasts showed a hint of differences in skill over the following years depending on this initial phase (not shown), but while impending easterly phases showed slightly lower skill, differences were small and were not examined further.
The QBO forecasts examined so far covered the winter period and were from November or January initializations. Given the enhanced stalling, especially in winter during the easterly phase of the QBO, there may also be a seasonal dependence of QBO forecast skill. To test this we use seasonal forecasts initialized at different times of year. Correlation scores for QBO winds for forecasts that started in each season are shown in Figure 3 using all phases of the QBO. It is apparent that forecasts for the winter season in both forecast systems are less skilful than those for spring or autumn. Similar to the dependence of skill on QBO phase, this seasonal cycle in forecast skill is consistent with irregular downward propagation of the QBO, limiting predictability in this season. This effect can also be seen by the rapidly declining skill of forecasts that started in November and August as they approach winter. This seasonal dependence also has consequences when comparing the skill in different forecast systems. Comparison of QBO skill in different systems need to be done from the same start date as in Figure 3 rather than from different start dates (e.g., MiKlip and UKMO in Figure 2 ).
Teleconnections to Boreal Winter Surface Climate
Evidence of possible impacts of the QBO at the surface is long known [e.g., Ebdon, 1975] . Moreover, despite the large amount of interannual variability in surface winter climate, recent estimates of QBO teleconnections appear to remain significant [Boer and Hamilton, 2008] . Enhanced sea level pressure gradients and stronger, northward shifted tropospheric jets occur under westerly QBO compared to easterly QBO conditions. While there has been some success in reproducing this surface teleconnection to the QBO in climate models [Hamilton, 1998; Pascoe et al., 2005; Yamashita et al., 2011] , this is not generally the case and it is therefore important to continue to test climate prediction systems for their ability to reproduce the QBO signal in surface winter climate.
The surface winter signal from the QBO in observational analyses is shown in Figure 4a as the mean difference in winter sea level pressure between easterly and westerly cases (E-W). Higher than normal pressure over the Arctic and lower than normal pressure over the midlatitudes, particularly in the 
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Atlantic storm track region, indicate a more negative North Atlantic Oscillation/Arctic Oscillation in the easterly than the westerly QBO phase. The amplitude of this effect is several hPa, a sizeable fraction of the year-to-year variability itself (not shown). The QBO therefore appears to shift the sea level pressure by a significant proportion of the interannual standard deviation and could contribute to winter seasonal forecast skill [e.g., Boer and Hamilton, 2008; Marshall and Scaife, 2009; Fereday et al., 2012] .
The performance of the decadal and seasonal forecasts described above in reproducing the observed QBO surface teleconnection is shown in Figure 4 . The UKMO decadal hindcasts cover the same period as the observed analysis but show only small and statistically insignificant differences in surface climate between the E and W phases of the QBO. MIKLIP decadal and ECMWF seasonal forecasts show some signature of the teleconnection, but it is very weak. UKMO seasonal forecasts show high pressure at high latitudes and low pressure at midlatitudes in the easterly minus westerly QBO composite. The sign and basic pattern of the teleconnection appears to be reproduced in these forecasts, with high pressure over the Arctic and lower pressure at midlatitudes, albeit with weaker than observed amplitude.
Conclusion
We have quantified levels of predictability of the QBO in initialized climate predictions on seasonal to decadal timescales. High levels of predictability were found in retrospective forecasts with correlations exceeding 0.7 at a lead time of 1 year. This basic result is insensitive to the details of the prediction system. We also find some sensitivity of the forecast skill to both the season and phase of the QBO at the start of the forecast. Forecasts leading into winter and starting in the westerly phase show the lowest subsequent skill. It would be interesting to extend this analysis to forecasts beginning in other calendar months to fully characterize the seasonal dependence of QBO prediction skill. There are also hints at potentially significant improvement from idealized estimates of predictability. However, these "perfect predictability" estimates may be different in models with a QBO that does not rely on parameterized gravity waves [e.g., Kawatani et al., 2010] and it is not yet known whether including variability in gravity wave sources would make predictions less skilful by adding unpredictable variability or more skilful, for example, by improving the seasonal cycle in gravity waves [e.g., Krebsbach and Preusse, 2013] 
